Large-scale tissue regeneration has potential consequences for telomere length through increases in cell division and changes in metabolism which increase the potential for oxidative stress damage to telomeres. The effects of regeneration on telomere dynamics have been studied in fish and marine invertebrates, but the literature is scarce for terrestrial species. We experimentally induced tail autotomy in a lizard (Niveoscincus ocellatus) and assessed relative telomere length (RTL) in blood samples before and after partial tail regeneration while concurrently measuring reactive oxygen species (ROS) levels. The change in ROS levels was a significant explanatory variable for the change in RTL over the 60-day experiment. At the average value of ROS change, the mean RTL increased significantly in the control group (intact tails), but there was no such evidence in the regenerating group. By contrast, ROS levels decreased significantly in the regenerating group, but there was no such evidence in the control group. Combined, these results suggest that tail regeneration following autotomy involves a response to oxidative stress and this potentially comes at a cost to telomere repair. This change in telomere maintenance demonstrates a potential long-term cost of tail regeneration beyond the regrowth of tissue itself.
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Large-scale tissue regeneration has potential consequences for telomere length through increases in cell division and changes in metabolism which increase the potential for oxidative stress damage to telomeres. The effects of regeneration on telomere dynamics have been studied in fish and marine invertebrates, but the literature is scarce for terrestrial species. We experimentally induced tail autotomy in a lizard (Niveoscincus ocellatus) and assessed relative telomere length (RTL) in blood samples before and after partial tail regeneration while concurrently measuring reactive oxygen species (ROS) levels. The change in ROS levels was a significant explanatory variable for the change in RTL over the 60-day experiment. At the average value of ROS change, the mean RTL increased significantly in the control group (intact tails), but there was no such evidence in the regenerating group. By contrast, ROS levels decreased significantly in the regenerating group, but there was no such evidence in the control group. Combined, these results suggest that tail regeneration following autotomy involves a response to oxidative stress and this potentially comes at a cost to telomere repair. This change in telomere maintenance demonstrates a potential long-term cost of tail regeneration beyond the regrowth of tissue itself.
Introduction
Telomeres shorten through both cell division and oxidative stress and when they become critically short, cellular senescence occurs [1] . If left unchecked, cellular senescence can eventually lead to organism level declines in function. Tissue growth or regeneration occurs through increased cell division and is likely to be associated with an increase in oxidative stress and telomere attrition. Species that regenerate tissue must therefore protect against telomere attrition through antioxidant activity and telomere repair by telomerase [2] .
Most of the work examining telomere length changes during and after tissue regeneration has focused on aquatic species [2] . Results to date have been equivocal. For example, in zebrafish, one study showed that telomere length is maintained throughout life even during tissue regeneration [3] , whereas another showed older individuals had a reduced ability to repair telomeres following regeneration [4] . This suggests that there are limits to the regenerative capacity of ectotherms and that trade-offs may occur between telomere maintenance and investment in growth or reproduction. By contrast, almost no work has examined the effect of tissue regeneration in terrestrial vertebrates despite the fact that salamanders and lizards have large regenerative capacities. Lizards are capable of the largest regrowth of tissue compared to body size of & 2019 The Author(s) Published by the Royal Society. All rights reserved.
any amniote; that of regrowing the tail [5] . Examining the effects of such regrowth on telomere dynamics is fundamental if we are to understand the costs of regenerative capacity across taxonomic groups.
Caudal autotomy is a predator escape response seen in lizards whereby part of the tail is detached from the body [6] . This loss of tail is costly to individuals as it can compromise growth, reproduction, immune system and survivorship (reviewed in [6, 7] ). Subsequent to autotomy, the tail is regrown, incurring further physiological and metabolic costs of rapid tissue growth ( [8] [9] [10] [11] , although see [12] ). Such effects potentially have significant consequences for telomere dynamics, both through compromised somatic maintenance and through oxidative stress caused by the rapid division of cells in the regrowing tissue. Increased growth rates and metabolic rates have been shown to result in higher production of ROS (e.g. [13] [14] [15] ) and high cellular ROS levels generally increase telomere attrition because telomeric sequences are sensitive to oxidative degradation [16] .
In line with these assertions, a sex-specific and contextdependent relationship between telomere length and tail loss has been observed in sand lizards [17] while telomerase was active in regenerating tails of two other lizard species [18 -20] . Despite this, the causal relationship between tail loss and telomere length has yet to be established experimentally. As a result, we have a limited understanding of how large-scale tissue regeneration influences telomere attrition in vertebrate taxa. We experimentally examined the effect of tail autotomy and subsequent regrowth on cytoplasmic ROS (as an indicator of oxidative stress) and telomere length in the spotted snow skink (Niveoscincus ocellatus), a terrestrial ectotherm with a significant tail regenerative capacity [5] . We predicted RTL would decrease and ROS levels increase in blood samples in regenerating individuals as a function of the metabolic changes associated with tail regeneration.
Material and methods (a) Experimental design
Niveoscincus ocellatus is a small viviparous skink with an average lifespan of 8 -10 years. Twenty adult males were collected from the study site at Orford, Tasmania in November 2016. The lizards were randomly divided between the regenerating group (in which autotomy was induced) and the control group (tails left intact). Lizards were weighed, measured and placed in outdoor enclosures for the following two months (as per [21] ; further details in electronic supplementary material). To quantify the effect of the above treatment on RTL and ROS levels, we collected blood samples prior to the treatments (day 0) and after two months (day 60). After re-sampling and measuring at day 60, lizards were released at their site of capture.
(b) Reactive oxygen species
Cytoplasmic ROS levels were measured with the broad-spectrum ROS-detecting probe CellROX Red (C10422, ThermoFisher Scientific, Australia) for detection of a range of ROS postmitochondrial production. Whole blood was incubated for 30 min at 318C in PBS containing 2.5 mM CellROX Red, excitation 644, emission 665 nm and 0.25% DMSO. Samples were analysed on a BD FACS Canto II flow cytometer recording 50 000 events. The combined arithmetic mean fluorescence intensities from all blood cell populations were used for analysis.
(c) Telomere measurement DNA was extracted with DNEasy blood and tissue kits (Qiagen) using 5 -10 ml of whole blood. RTL was measured using quantitative real-time PCR (qPCR) following Cawthon [22] . Protocols previously developed (e.g. [23] ) were optimized for N. ocellatus DNA (see electronic supplementary material, for details).
(d) Statistical analysis
We analysed differences between treatment and control groups in the change in RTL from day 0 to day 60 using linear models with generalized least-squares fit by maximum likelihood. We used the change in RTL because the treatment groups differed in raw values at the starting point (we were unable to check randomization of the treatment groups' RTL at day 0). This model included treatment as a fixed effect and ROS as a covariate to examine the relationship between ROS and changes in RTL. We ran a pairwise comparison using the 'emmeans' package [24] to examine the difference in effect sizes between the two treatment groups for given levels of the covariate (change in ROS). We tested for correlation between change in ROS and change in RTL in each treatment group over the 60 days. To analyse the difference in ROS over time and between treatments, we fit linear mixed effects models including treatment and time of sampling (day 0 or day 60) as fixed factors and lizard identity as a random factor. Data were visually assessed and ROS was log transformed to achieve normality. We ran pairwise comparisons to examine the size of the time effect within each treatment group.
In all models, 'treatment' refers to removing or leaving the tail intact and is a fixed factor. All statistical analyses were conducted in R [25] using the packages 'nlme' and 'emmeans' [26, 24] . We used the varIdent function in the 'nlme' package to control for unequal variances between treatment groups. In the ROS analysis, we controlled for unequal variance between groups of treatment by time. Final analyses were conducted on N ¼ 19 individuals as DNA extraction was unsuccessful in one sample (regenerating group n ¼ 10, control group n ¼ 9). Two outliers were identified, but excluding these did not change our interpretation of the results (see electronic supplementary material, for details).
Results
The regenerating group regrew an average (+s.e.) of 23.3 + 1.6 mm tissue over the 60-day experiment, approximately 38% of their body size (excluding tails, snout -vent length ¼ 63.4 + 0.9 mm) and 34% of the original tail length (72.7 + 3.2 mm). The regrown tail portions were smooth and largely unscaled. Treatment had a significant effect on RTL change from day 0 to day 60 after controlling for the change in ROS (table 1 and figure 1a,b) . Specifically, while RTL of regenerating individuals was not significantly different between day 0 and day 60 when controlling for ROS (average RTL increased 2% from 3.06 + 0.21 to 3.13 + 0.28; estimate ¼ 20.15, 95% CI: 20.71, 0.42 at the mean level of ROS change), individuals in the control group exhibited a significant increase in RTL (average RTL increased 32% from 2.28 + 0.15 to 3.00 + 0.27; estimate ¼ 0.97, 95% CI: 0.65, 1.29 at the mean level of ROS change). Changes in RTL levels were negatively correlated with changes in ROS in both the regenerating and the control group (figure 2), but this was only statistically significant in the control group (control group: R ¼ 20. figure 1c,d ).
Discussion
Individuals with intact tails exhibited an increase in telomere length compared to individuals regenerating tails, whose RTL remained similar across the two sampling points. This pattern is consistent with our initial prediction and supports correlative evidence which has suggested that tail loss is associated with changes in telomere dynamics [17] . These results suggest a cost of autotomy that is potentially mediated through a tradeoff between investment in tissue regrowth and investment in royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20190151 telomere repair. Combined, these results add a new dimension to previous studies that have shown significant costs associated with tail regrowth in lizards [6, 7, 27] .
Effects on RTL and ROS are potentially mediated by changes in metabolism. The metabolic costs of tail regeneration can be high, with metabolic changes often seen in lizards regrowing tails ( [8] [9] [10] [11] , but see [12] ). High metabolic rates caused by rapid growth are associated with increased aerobic respiration, producing more reactive oxygen species (ROS) which in turn damage telomeres [28, 29] . In line with these predictions, we found a negative correlation between change in RTL and change in ROS and this was particularly strong for the control group. Furthermore, change in ROS explained a significant amount of variation in the change in RTL. From this, we predicted that we should see a greater decrease in ROS in the control group, which exhibited greater telomere elongation. However, when we examined differences in ROS levels between sampling points, we found the opposite; ROS only decreased significantly in the regenerating group. One possible explanation for this result is that the predicted increase in ROS levels associated with tail removal occurred initially, and then over time, the increase was counteracted by antioxidant activity (decreasing ROS levels overall). This response to ROS is not evident in the control group, which instead appeared to repair shortened telomeres (increasing RTL) through telomerase activity [2] . i.e. when the tail is removed, resources that would be invested in lengthening telomeres are instead used to maintain (rather than improve) RTL by responding to changes in oxidative stress. Control group individuals may invest solely in telomere maintenance, with no major oxidative stress changes to mediate. This suggests that tissue regeneration following tail autotomy involves a response to oxidative stress that potentially comes at a cost to telomere repair.
There are several caveats to consider. First, while we found consistent effects across treatment groups in both RTL and ROS, our overall effect sizes were low, suggesting that caution needs to be taken with extrapolating from these results. Second, our sampling regime may have missed early ROS dynamics associated with tail loss. The method and timing of ROS sampling can affect results depending on the current balance of these processes in the sample [14, 30] . Larger sample sizes and sampling at additional time points (e.g. shortly after autotomy as well as after significant regrowth) would potentially allow us to unpick the complicated interactions we see between ROS level changes and treatment effects on telomere dynamics over time. Third, despite overall differences in change in RTL and ROS between the treatment groups, values for these traits tended to converge at the same mean value at the end of the experiment and there was a significant decrease in the variance associated with both traits. One explanation for this is that lizards held in captivity experience a more benign and consistent environment than they would naturally in the wild with no predation and no competition. By housing lizards in captivity, our approach controlled for the increased stress associated with changing strategies of foraging, predator avoidance and mate seeking that are seen subsequent to autotomy in wild lizards [5 -7] . The difference we observed between groups can therefore be attributed to the process of regrowth itself, rather than these confounding effects.
This is the first study to experimentally demonstrate the cost of tissue regeneration on telomere length dynamics in an amniote. Our results demonstrate a potentially significant cost to telomere maintenance when employing caudal autotomy as an escape strategy. Further studies of this regenerative capacity and its effects on telomere dynamics in individuals of varying ages would shed more light on the relationship observed. Future studies should examine if this effect is amplified in juveniles, which are already heavily investing in growth, or in senescent lizards which may express less telomerase (cf. [4] ).
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